Hepatitis C virus (HCV) is a major etiological agent of transfusion-associated hepatitis and chronic liver disease worldwide (1, 6) . Approximately 200 million people worldwide who are infected with HCV are susceptible to develop cirrhosis, liver failure, or hepatocellular carcinoma and might need a liver transplantation (30, 46) . In organ transplant recipients, particularly in cases of liver and kidney transplantation, HCV reinfection of the transplanted organ is a major cause of morbidity and mortality (4, 12, 15, 35, 43, 47) . HCV-related graft disease develops in a majority of patients followed for at least 5 years after transplantation (16, 32) . Presently, such an outcome cannot be prevented by an effective prophylactic treatment, and current antiviral treatments of posttransplant HCV disease are of limited efficacy (14, 24, 25, 26, 31, 37, 40) .
Hypervariable region 1 (HVR1) of the main E2 envelope protein of HCV is the target of neutralizing antibodies (10, 11, 34, 42) . In infected patients, replacement mutations in HVR1 appear to be a major mechanism of HCV persistence by escaping the host immune recognition (11, 19, 21, 22, 38, 42, 45) . It is hypothesized that neutralizing antibodies cross-reacting to most or all HVR1 variants should be of substantial help for the prevention and the treatment of chronic HCV infection.
In recent years a number of investigators have observed that antibodies from HCV-infected patients cross-reacted with a wide range of HVR1 peptides (2, 18, 27, 44) and blocked viral attachment to HCV-susceptible cells (39, 51) . In addition, HVR1 proteins injected into rabbits and mice elicited antibodies that cross-reacted with a variety of HVR1 peptides and HCV isolates and were able to capture HCV and neutralize viral binding to human cells in vitro (9, 33, 36, 44, 52) . Some antibodies to C-terminus HVR1 peptides appeared to be broadly cross-reactive and having a high capacity to capture HCV variants (36, 44, 49) , suggesting the recognition of a conserved, partially conformational, epitope.
We sequentially immunized BALB/c mice with multiple HVR1 peptides to prepare MAbs to the putative C-terminus conserved epitope. The MAbs obtained were structurally and functionally characterized in vitro.
The forward and reverse primers for the noncoding region of HCV RNA were 5Ј-TCTGCGGAACCGGTGAGTA-3Ј and 3Ј-CGGGTTGATCCAAGAAAGG A-5Ј, respectively. The TaqMan fluorogenic probe used for quantification of HCV RNA was 5Ј-6FAM-CCGGAATTGCCAGGACGACCG-3Ј. The C t value, which correlates inversely with the concentration of target RNA, was determined as the cycle number at which the fluorescence emission of the reporter probe increases above a threshold level. A reference HCV plasma containing 1.6 ϫ 10 6 IU/ml was used for the standard curve for quantification of viral load of HCV patient's plasma samples. Each sample was analyzed in triplicate, and the results were averaged.
Peptides and peptide-keyhole limpet hemocyanin (KLH) or peptide-bovine serum albumin (BSA) conjugates. A series of 16 to 19 residue synthetic peptides (total 53) corresponding to C-terminus sequences of HVR1 and other HCV regions (core, E1, E2, NS3, and NS4) were obtained from Severn Biotech, Ltd. (Kidderminster, Worcestershire, United Kingdom), or Cambridge Research Biochemicals, Ltd. (Cambridge, United Kingdom).
HVR1 peptides MH1, MH2, MH3, W1, L1.1, and EH were conjugated to KLH (Sigma) for mouse immunization. Peptides MH2, EH2, S67, S85, and L1.1 were coupled to BSA when testing MAb affinity. The protocol to couple peptides to KLH or BSA was as described previously (18) . The effect of coupling was determined by coating the conjugates to microtiter plates and detecting the capture of immunoglobulin G (IgG) anti-HCV from infected patient plasma (UKS9) by enzyme immunoassay (EIA).
Mouse immunization. Two groups of six 8-week old BALB/c mice, designated blocks 1 and 2, were immunized with six HVR1 peptides as described previously (36) . Block 1 was immunized with four injections at 2-week intervals. The first subcutaneous injection consisted of 40 g of conjugated MH2 and L1.1 in 100 l of complete Freund adjuvant. The next two subcutaneous injections were 20 g of MH1 and EH and 20 g of MH3 and W1 conjugates/100 l in incomplete Freund adjuvant. The final dose of 20 g/100 l of MH2 conjugate without adjuvant was injected intravenously. For immunizing Block 2, seven injections were performed, with six different peptide conjugates at two week interval. The first injection was 40 g/100 l of MH2 conjugate in complete Freund's adjuvant, followed by subcutaneous injections of 20 g/100 l of EH, MH1, W1, MH3 and L1.1, respectively. The final boost was an intravenous injection of 20 g of MH2 conjugate/100 l. On the third day after the final boost, the best anti-HVR1-responding mice were sacrificed. Spleens were aseptically removed for hybridoma preparation. Sera were also collected (pre-and postimmunization) and used as negative and positive controls for MAb screening.
Preparation of MAbs. In a ratio of 5:1, the immunized spleen cells were fused with SP2/0 myeloma cells using polyethylene glycol 1500 (Boehringer, Mannheim, Germany). The positive wells were primarily screened by peptide EIA by using a mixture of MH2, EH2, S90, and LB2 peptides as capture antigens. Cloning of positive wells was performed by the limited dilution method in 5% BM-Condimed H1 (Boehringer) and 15% fetal calf serum-RPMI 1640 without feed cells. Clones with broad cross-reactivity were recloned, and MAbs were purified from the culture supernatants in 15% fetal calf serum-RPMI 1640 medium by using a protein G column (Amersham Pharmacia Biotech) and anti-mouse IgG agarose (Sigma).
Isotyping of MAbs was performed with IsoStrip of the Mouse Monoclonal Antibody Isotyping Kit (Roche).
Peptide EIA. The screening of MAbs and the testing of reactivity of anti-HVR1 MAbs with various peptides were performed by peptide EIA in two kinds of microtiter plates, i.e., Nunc-Immuno plate (Maxisorp; Nalge Nunc International) and the CovABtest plate (CovaLAB, Lyon, France). The latter crosslinked the cysteine residue added at the N terminus of each peptide. A total of 100 l of a 10-g/ml dilution of peptides in sodium carbonate (pH 9.6) was added to the Nunc-Immuno plate and incubated overnight at 4°C. The same peptides diluted in phosphate-buffered saline (PBS) were added to the CovaLAB plate and incubated for 1 h at room temperature. The peptide EIA procedure was then carried out as described previously (36) . Levels of MAb reactivity as determined by EIA were presented as a sample/cutoff ratio (S/CO). The cutoff was calculated as the mean of the absorbance values of non-HVR1 peptides ϩ six standard deviations.
MAbs were screened, selected, and tested by peptide EIA. Hybridomas were primarily screened with a mixture of four HVR1 peptides (see above). Cells from reactive wells were cloned. Strongly reactive clone supernatants were tested for cross-reactivity with a panel of 12 peptides (MH2, L1.1, MH1, EH, MH3, W1, LB1, LV, MH5, S90, SMH2-2, and S8). Broadly cross-reactive clones were selected, and MAbs were purified from the supernatants for further assessment of cross-reactivity and specificity by using a panel of 53 peptides (Table 1) .
Selected MAbs were biotinylated by using a Micro-Biotinylation Kit (Sigma).
The biotinylated and nonbiotinylated MAbs were competitively presented to MH2 in an EIA to identify the epitope of HVR1 recognized. MAb affinity. The affinity of the MAbs was determined against five selected HVR1 peptides (MH2, EH, S67, S85, and L1.1) with an IAsys optical biosensor (Affinity Sensor, Cambridge, United Kingdom) as described previously (48) . BSA-HVR1 peptides were dialyzed, diluted to a concentration of 200 g/ml in PBS (pH 7.2), and immobilized on the activated surface of carboxymethyl dextran cuvettes in 10 mM of sodium acetate buffer at pH 3.8 or 4.0 according to the manufacturer's instructions. Serial dilutions of MAbs in PBS were added to the peptide-coated cuvettes (final volume, 50 l). The association and dissociation of MAbs with HVR1 peptides were measured for 10 and 5 min, respectively. Affinity constants (K d ) were calculated from these measurements as K diss /K ass by using the FASTFIT program.
Cloning and sequencing of variable region genes. Single-stranded cDNA of anti-HVR1 MAbs were obtained from cloned hybridoma cells with the FirstStrand cDNA Synthesis Kit (Boehringer), the Oligotex mRNA Midi Kit (Qiagen), and the RNeasy Maxi Kit (Qiagen).
The variable-region genes of heavy and light immunoglobulin chains were amplified with mouse V H or V and constant region primers obtained from T. Grunwald (Medical Research Council, Cambridge, United Kingdom). The PCR products were cloned into pPCR-Script Amp SK(ϩ) cloning vector with the PCR-Script Amp Cloning Kit (Stratagene) and then sequenced with M13 forward and reverse primers by using a Thermo Sequenase Dye Terminator Cycle Sequencing Premix kit (Amersham Life Science), a DNA Sequencing Kit (Applied Biosystems, Warrington, United Kingdom), and a 373DNA Sequencer (Applied Biosystems). The deduced amino acid sequences were analyzed and compared with immunoglobulin germ line and reference MAb sequences.
HCV genotyping by HVR1 sequencing. HCV RNA was extracted from patient or donor plasmas by using the QIAamp Viral RNA Mini kit (Qiagen) according to the manufacturer's instruction. The E1/E2 region of the HCV genome was amplified by using RT-PCR and nested primers as previously described (23) . A 513-nucleotide sequence encompassing the 3Ј end of E1 and HVR1 was obtained from the amplicons, and phylogenetic analysis was done by using the PHYLIP software package as described previously (3, 8) . HVR1 amino acid sequences were deduced from the nucleotide sequences obtained.
HCV capture. Unselected plasmas from chronically HCV-infected patients were centrifuged for 2 min at room temperature. Next, 50 l of plasma supernatant or dilution (1:5 in PBS) was added to 50 l of 20 g of MAb/ml in PBS containing 0.1% Tween 20 and 4% BSA and preincubated at 37°C for 2 h and then overnight at 4°C. A 100-l portion of a 10-g/ml mixture of goat IgG F(abЈ) 2 fragments of anti-mouse IgG (Fc specific; Sigma) in sodium bicarbonate (pH 9.6) was used to coat the wells of a microtiter plate overnight at 4°C. After saturation of the well surface with 4% BSA, the antibody-HCV mixture was added to the anti-mouse IgG-coated well and incubated for 1.5 h at room temperature. Normal mouse myeloma IgG1 (Sigma) was used as negative control in each capture assay. After four washes with PBS containing 0.1% Tween 20 (no free virus was detectable in the fifth wash buffer), RNA was extracted from each well by using the QIAamp Viral RNA Mini kit and detected by RT-nested PCR as described previously (29) . The sensitivity of the RT-PCR was Ͻ100 copies of HCV RNA/ml.
Next, 10 g of MAb/ml was preincubated with 50 g of HVR1 peptides (G4720, G878, G1245, and G1224), mutated HVR1 peptide (SMH2-2), or core region peptide (S5)/ml for 1 h at 37°C mixed with UKS3 HCV-diluted plasma (1:10). HCV-MAb complexes were captured and detected as described above.
Blocking of HCV binding to target cells. The MAbs' ability to block HCV binding to Molt-4 cells was investigated. Several dilutions of MAb and normal mouse myeloma IgG1 were preincubated with 100 l of 1:10-diluted HCVcontaining plasma at 4°C overnight. The mixture was added to 2 ϫ 10 5 cells in a 200-l final volume and incubated at room temperature for 1 h. The viral and cellular RNA was extracted from cells, which had been washed four times, by using RNeasy Mini kit (Qiagen) and then tested for the presence of HCV RNA by RT-nested PCR (the last wash supernatant did not contain detectable free virus). Under identical conditions, 100 l of 1:10-diluted HCV-containing plasma without MAbs preincubation and normal plasma were added to cells as positive and negative controls, respectively.
RESULTS
Reactivity of MAbs to HVR1 peptides. Sixteen MAbs strongly reactive to a mixture of four HVR1 peptides were obtained by screening the supernatants of primary clones from block 1 and 2 mice. Of the 16 clones highly reactive with the Group
a Four groups of HCV peptides are listed: (A) HVR1 peptides for immunization and screening primary by hybridomas, (B) nonimmunizing HVR1 peptides used to assess the cross-reactivity of MAbs, (C) mutated MH2 HVR1 peptides used for mapping the epitope recognized by the MAbs, and (D) HCV non-HVR1 peptides used to assess the specificity of the MAbs. screening mixture of HVR1 peptides, 12 were IgG [11 IgG1() and 1 IgG2a()] and 4 were IgM(). The 12 IgG-containing hybridoma supernatants were further tested for cross-reactivity with 10 HVR1 peptides and for specificity with two control peptides: SMH2-2 and S8.
One clone (15H4) reacted with five of six immunizing and three of five nonimmunizing peptides, including SMH2-2. Three clones including 2P24 reacted with the same peptides but not SMH2-2. MAbs 15H4 and 2P24 were selected for further characterization.
Protein G-purified MAbs 2P24 and 15H4 cross-reactivity were assessed with a panel of 53 HCV peptides. As shown in Table 1 , 2P24 and 15H4 reacted with 32 (82%) and 30 (77%) patient-derived HVR1 peptides, respectively. A mixture of 2P24 and 15H4 reacted with 34 of 39 (87%) patient-derived HVR1 peptides but did not react with HCV core, E1, E2, NS3, and NS4 peptides. An unrelated IgG1 mouse myeloma used as a control did not react with patient-derived peptides.
Epitopes recognized by MAbs to HVR1. Figure 1 shows the result of competitive binding experiments between 2P24 and 15H4 for the HVR1 MH2 peptide. MAb 15H4 competitive displacement of MAb2P24 was considerably greater than the reverse. This result suggests that 2P24 and15H4 recognize an overlapping region of HVR1, with 15H4 probably recognizing a broader epitope than 2P24. Table 1 shows the reactivity of 2P24 and 15H4 with patientderived (peptide group B) or mutated (peptide group C) Cterminus HVR1 peptides assessed by EIA. Table 1 indicates that viral sequences of the last seven amino acids of HVR1 are subject to considerable constraints. Amino acids in positions 23 and 26 are totally conserved, while the amino acid in position 24 has only three options (P, A, and S). In contrast, amino acids in positions 21, 22, and 27 have eight or nine options. HVR1 peptide reactivity with MAbs was independent of the complete peptide sequences. When phylogenetically analyzed, these peptides grouped into four main branches, each containing nonreactive or poorly reactive peptides (data not shown).
In contrast, when the analysis was restricted to the five Cterminus amino acids, some features emerged. Both MAbs appear to recognize a limited repertoire of sequences in positions 23 to 26 containing G-P/A-R/Q-Q in positions 23, 24, 25, and 26, respectively. All peptides including these sequences strongly reacted with both MAbs, suggesting the recognition of a common epitope. In contrast, the relatively frequent sequence GPSQ is poorly or not recognized by the antibodies. The importance of the conserved G (position 23) and Q (position 26) amino acids in the structure of the common epitope is critical for 2P24 but of less importance for 15H4 as shown in Table 1 . Both MAbs recognized the conserved motif G --Q, although only 2P24 was sensitive to the replacement of the conserved G (position 23) or Q (position 26) amino acid. Low reactivity with both or one of the two MAbs appeared to be mostly, though not exclusively, related to the presence of a serine at position 25 or 24. This observation was confirmed by mutations of peptide MH2 (Table 1) . No other amino acid sequence patterns seemed to affect MAb binding to HVR1 peptides.
To confirm the antigenic importance of the conserved G --Q group, three mutated MH2 peptides (SMH2-1, SMH2-2, and SMH2-3) were tested for reactivity with previously described rabbit anti-HVR1 antibodies (36) . The result shows that SMH2-2 (with V [valine] and L [leucine] replacing G and Q at positions 23 and 26 of the MH2 sequence, respectively) completely lost antigenic reactivity with the HVR1 antibodies. The substitution of either G or Q markedly decreased peptide reactivity with rabbit anti-HVR1. These results confirmed that the G --Q group in HVR1 was a key epitope.
Sequencing the variable regions of MAbs. Four IgG1() MAbs with different levels of cross-reactivity to HVR1 peptides were selected for sequencing of the IgG variable regions. Deduced amino acid sequences of heavy-and light-chain V regions were aligned and compared to mouse Igh and Ig germ line V genes (Fig. 2) . The V H of 2P24 and 15H4 were the closest to Igh germ line V genes J558 (V130) and 3609 (CB17H-1), which belong to V H families 1 and 8, respectively. The main feature of the V H sequences was the presence of complementarity-determining regions (CDRs) two to five amino residues shorter than the germ line antibodies. The V H sequences of 2P24 and 1P13 were nearly identical but differed from 15H4 and 2P22, particularly in CDR3 where the former was two and five amino residues shorter than the latter, respectively. The light-chain sequences of all anti-HVR1 MAbs were highly homologous, although CDR3 showed some diversity. Compared to the closest reference sequences, the V H sequences of 2P24 and 15H4 were 80 and 86% identical to X00894-1 and X75098-1, respectively. The V sequences of 2P24 and 15H4 were 96 and 95% homologous to Y16454-1 and X90897-1, respectively.
Affinity of MAb binding to HVR1 peptides. BSA-conjugated HVR1 peptides were used to determine the MAb affinity. MH2 and EH were immunizing peptides; S67 and S85 were nonimmunizing peptides. All four peptides were reactive with 2P24 and 15H4 by EIA. For comparison, the affinity of the immunizing peptide L1.1 that had low EIA reactivity with 2P24 and no detectable reactivity with 15H4 was also tested. The affinity constants (K d ) are presented in Table 2 . The affinities of 2P24 and 15H4 were 10 Ϫ9 and 10 Ϫ8 M, respectively. Low Then, 100 l of the mixture was added to MH2 HVR1 peptide-coated well. Mouse myeloma IgG1 (mIgG1) and HCV core region peptide S5 (Control) were used as MAb and peptide controls, respectively. Bound biotinylated MAb was detected by avidin-peroxidase with ortho-phenylenediamine substrate.
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CROSS-REACTIVE MAbs TO HVR1 OF HCVaffinity and no detectable EIA reactivity were observed with control peptide or control MAbs. The affinity levels paralleled the peptide reactivity estimated by EIA. An affinity of 10 Ϫ7 M seemed to be the limit of affinity quantification and corresponded to the EIA limit of reactivity.
HCV capture with MAbs to HVR1. Thirty-one HCV RNApositive patient plasmas were used to assess the capacity of MAbs 2P24 and 15H4 to capture HCV. HCV genotypes 1a, 1b, 1c, 2, 2a, 2b, 2c, 3a, and 4a were represented in the panel. The results of viral capture from patients' plasmas and corresponding consensus HVR1 sequences are presented in Table 3 . In 25 of 31(81%) plasmas tested, HCV was captured by MAb 2P24, MAb 15H4, or both. Capture was not related to genotype, but a noncapture result was partially related to the low viral load of patient's plasma. Four of six HCV strains not captured by either MAb were at a concentration of viral RNA of Ͻ10 4 IU/ml. When a mixture of the two MAbs was used for capture, HCV from the same 25 samples was captured (Table 3 ). Figure  3 shows representative results of HCV capture from four representative patient's plasmas tested by RT-nested PCR. To confirm that the captured virus consisted essentially of free (uncomplexed) virus, similar amounts of HCV were captured in native or IgG-depleted HCV plasmas S2 and S7 by both MAbs, suggesting that free HCV in the patients' plasma samples was preferentially captured (data not shown).
Recognition of HVR1 as a whole virus or peptide by MAbs. In nine cases, MAbs binding to different viral strains and to the corresponding consensus sequence-derived HVR1 peptides were available. In this situation, MAb recognition of HVR1 C-terminus epitope in its natural presentation and as an immobilized 15-mer peptide could be compared (Table 4 ). In six of nine cases, a concordant capture and EIA reactivity by 2P24 was found, suggesting that HVR1 peptides reliably mimicked the viral epitope.
To further expand on this preliminary conclusion, experiments were designed to test the ability of HVR1 peptides to block viral capture by MAbs. Four HVR1 peptides derived from Ghanaian patients (G4720, G878, G1245, and G1224), one mutated HVR1 peptide (SMH2-2), and one HCV core region control peptide (S5) were selected to inhibit HCV UKS3 capture by MAbs to HVR1. Figure 4 shows that HVR1 peptides reacting with MAbs by EIA inhibited HCV capture and that peptides not reacting with MAbs by EIA did not inhibit HCV capture. These results strongly suggest that 2P24 and 15H4 capture HCV through specific binding to an HVR1 C-terminal epitope. 
Ability of MAbs to block HCV binding to target cells. The EH (HCV without anti-HCV) and UKS3 (HCV

DISCUSSION
It was previously shown that the C-terminus part of HVR1 widely cross-reacted with HCV patient's plasma and antibodies raised to C-terminus HVR1 peptides (2, 9, 18, 27, 33, 44, 49) , suggesting the existence of common and conserved antigenic epitope(s) in HVR1. Data obtained in rabbits immunized with HVR1 peptides according to a protocol similar to the one used in mice in the present study further suggested the presence of a conserved, partially conformational, epitope located at the C terminus of HVR1 and including the conserved G and Q amino acids in positions 23 and 26 of HVR1, respectively (36). Our results confirmed that anti-HVR1 cross-reactivity of a rabbit polyclonal antibody and one mouse MAb was highly dependent on the presence of these two conserved amino acids in their respective positions. The replacement of either or both by leucine or valine amino acids resulted in a significant loss or a complete disappearance of antigenic recognition by crossreactive HVR1 antibodies. These data further confirm the critical importance of these two conserved amino acids in the recognition of HVR1 epitope.
The characteristics of the two MAbs (2P24 and 15H4) selected for their broad cross-reactivity with HVR1 variant peptides were similar to the one of rabbit anti-HVR1 polyclonal antibodies previously studied in this laboratory (36) . Compared with other HVR1 antibodies, either monoclonal or poly- 
ϩ Ϫ a Samples were obtained from blood donors from the United Kingdom (UK) or Ghana (G) as indicated. Sample EH virus was obtained from a patient with congenital agammaglobulinemia. The viral loads were determined by real-time quantitative RT-PCR. Plasma samples were incubated with MAbs, and complexes were captured by a goat IgG F(abЈ) 2 from anti-mouse IgG Fc specific in microtiter plates. Captured virus was detected by RT-nested PCR.
FIG. 3. Capture of HCV from plasma samples of representative patients by HVR1 MAbs 2P24 and 15H4. Captured HCV was detected by RT-nested PCR. A mouse myeloma IgG1 was used as a negative control. Lanes: 1, PCR molecular weight markers; 2 to 4, EH with antibodies 2P24, 15H4, and IgG1, respectively; 5 to 7, UKS3 with antibodies 2P24, 15H4, and IgG1, respectively; 8 to 10, UK12700 with antibodies 2P24, 15H4, and IgG1, respectively; 11 to 13, G4720 with antibodies 2P24, 15H4, and IgG1, respectively. clonal (9, 49, 50) , the broad cross-reactivity, high affinity, and specificity of MAbs 2P24 and 15H4 appeared to be related to two main factors. (i) Multiple HVR1 peptides with considerable sequence difference rather than a single peptide were used in the immunizing protocol. Antibodies to a common epitope of HVR1 were elicited and boosted by the multiple injections of different HVR1 peptides containing the conserved epitope. A large number of MAbs to the C terminus of HVR1 were easily obtained, while others had considerable difficulty obtaining HVR1 MAbs with a single immunizing peptide (50) . (ii) MAbs 2P24 and 15H4 reacted with the conserved C-terminus epitope of HVR1 and so appeared to be broadly cross-reacting with HVR1 variants. Poorly cross-reacting MAbs to HVR1 mostly recognized epitopes in the N terminus of HVR1 (positions 1 to 20), where only a threonine in position 2 is relatively conserved (50) . The epitope recognized by the described MAbs appears to be essentially the same and limited to amino acids 23 to 26 of HVR1 on the basis of multiple evidence. (i) Among the 39 patient-derived peptides presented in Table 1 , 30 were similarly recognized by both MAbs (16 strongly, 14 poorly or not at all). Only nine presented discrepant reactivity. (ii) High reactivity of both MAbs was associated with only five amino acid sequences including GPKQ, GPQQ, GAKQ, GAQQ, or GPRQ. The presence of a serine in position 25 or 24 was associated with poor or no reactivity. (iii) Among the patientderived peptide sequences, only amino acids in positions 23, 24, and 26 were conserved or highly restricted. Amino acids on either side of this central element were highly variable with at least eight possible substitutions. However, the epitope recognition was not entirely related to the linear sequence. While 2P24 was very sensitive to the substitution of either G or Q in their respective positions, 15H4 was not (Table 1 ). In contrast, the sensitivity of 15H4 to the substitution of the lysine in position 25 by a serine substantially decreased HVR1 motif recognition. These data suggest that MAb 15H4 and 2P24 recognize slightly different conformations of the HVR1 Cterminus epitope. It also suggests that within the conserved frame of the G --Q sequence, other amino acids can modify the epitope conformation. This interpretation of our results is further supported by the competition experiments between the two MAbs (Fig. 1) . In addition to a more flexible recognition of the common epitope by MAb 15H4, competition results might be explained by a high affinity or the recognition of different epitopes. The higher affinity of 2P24 (Table 2 ) and the parallel sensitivity of the two MAbs to amino acids in position 23 to 26 variations do not support these hypotheses.
In our study, most IgG MAbs to the C-terminus HVR1 produced from BALB/c mice are IgG1() (11 of 12 identified). This result is consistent with findings of other investigators, suggesting that the antibody response to HVR1 is mostly of the IgG1 isotype (27, 50) . FIG. 4 . Inhibition of MAb HCV capture by HVR1 peptides. G4720 and G1245 (reactive with 2P24 and 15H4 by EIA) and G878 and G1224 (reactive at a low level or not reactive with 2P24 and 15H4 by EIA) are patient-derived HVR1 peptides. SMH2-2 (reactive with 15H4 but not with 2P24 by EIA) is a mutated HVR1 peptide. S5 is an HCV core region peptide used as control. A mouse myeloma IgG1 was used as a negative antibody control. Peptides (50 g/ml) were preincubated with 2P24 and 15H4 or control IgG1 (10 g/ml) and then incubated with HCV UKS3 plasma (1:10 diluted). Captured HCV was detected by RT-nested PCR. Lanes: 1, PCR molecular weight markers; 2 and 3, peptide G4720 with MAbs 2P24 and 15H4, respectively; 4 and 5, peptide G878 with MAbs 2P24 and 15H4, respectively; 6 and 7, peptide G1245 with MAbs 2P24 and 15H4, respectively; 8 and 9, peptide G1224 with MAbs 2P24 and 15H4, respectively; 10 and 11, peptide SMH2-2 with MAbs 2P24 and 15H4, respectively; and 12 to 14, peptide S5 with MAbs 2P24, 15H4, and IgG1, respectively. 4 IU of EH virus was preincubated with different concentrations of a 1:1 mixture of 2P24 and 15H4 and added to 2 ϫ 10 5 Molt-4 cells. Lanes: 1, PCR molecular weight markers; 2, PC; 3 to 6, MAbs 2P24 and 15H4 at 50, 25, 2.5, and 0.25 g/ml, respectively; 7 to 10, MAb control at 50, 25, 2.5, and 0.25 g/ml, respectively; 11, NC. (B) UKS3 virus. A total of 100 l of 1:10 diluted UKS3 viruses were separately preincubated with 2P24 or 15H4 and then added to Molt-4 cells. Lanes: 1, PCR molecular weight markers; 2, PC; 3 and 4, MAb 2P24 at 25 and 2.5 g/ml, respectively; 5 and 6, MAb 15H4 at 25 and 2.5 mg/ml, respectively; 7 and 8, MAb control at 25 and 2.5 g/ml, respectively; 9, NC. In both panels, bound HCV was detected by RT-nested PCR; PC indicates positive control (HCV binding without MAb preincubation) and NC indicates negative control (normal plasma). MAb negative control is a mouse myeloma IgG1.
MAbs 2P24 and 15H4 had high affinity with both immunizing and nonimmunizing HVR1 peptides. The correlation observed between antibody affinity for the target peptides and the detectability of reactivity by EIA suggests that below an affinity level of K d ϭ 10 Ϫ7 M, anti-HVR1 peptide reactivity is no longer detectable ( Table 2) .
Analysis of the MAb sequences (Fig. 2) revealed that, although the V H sequences of MAbs 2P24 and 15H4 were very different, they had in common short and heavily mutated CDRs. Although the sequence of 1P13 differs from 2P24 by only six amino acids in the V H and four amino acids in the V L sequences, the cross-reactivity and affinity for all five HVR1 peptides tested were consistently lower (except for peptide S85). These data suggest that the development of an effective anti-HVR1 requires fine-tuning that exposure to uniquely different sequences can provide but that exposure to related variants in patient quasispecies cannot. A previously described human recombinant single-chain antibody fragment specific to an HVR1 peptide (S52/20) that reacted exclusively with S52 HVR1 peptide (48) presented CDR sequences that were longer by two to five amino acids compared to 2P24 and 15H4. This suggests that mutations in CDRs are critical for antibody cross-reactivity with HVR1 variants.
Cross-reactive MAb 2P24 and 15H4 high affinity for HVR1 variants translated functionally into a high capacity to capture random HCV isolates (Table 3 and Fig. 3 ). The high percentage (81%) of HCV strain capture confirmed that the common epitope presented by HVR1 C-terminus peptides was also present and cross-reactive at the HCV surface (20, 41) . Several hypotheses can be offered to explain the small percentage of viral strains (and HVR1 peptides) not captured (reactive) with MAbs 2P24 and 15H4. (i) Some differences in linear amino acid sequences might sufficiently modify the epitope conformation to react poorly (low affinity) with the antibodies. This hypothesis is not supported by the considerable sequence variability of amino acids 20 to 27 of the noncaptured strains (Table 3) . (ii) MAbs might preferentially or specifically capture free (uncomplexed) viruses and, in some patients, this population of virus might be too small to be detectable by the method used. Previous studies (S. Hamaia, unpublished data) suggest that only 5% of total HCV circulate as free virus. Capture in samples with low viral load or with Ͻ5% free virus might be undetectable with our system. This hypothesis is supported by the observation that 10 of 16 plasma samples containing Ͻ10 4 HCV RNA IU/ml were captured by none or one MAbs compared to 6 of 15 samples containing Ͼ10 4 (Table 3 ). (iii) MAbs might capture complexed HCV by competing with patient anti-HVR1. High-affinity patient polyclonal antibodies might not allow displacement by the MAbs. In this case, differences in affinity for a specific HVR1 epitope might explain discrepancies between MAbs for viral capture.
Having obtained the consensus HVR1 sequence of HCV from some patients, HVR1 reactivity with, and viral capture by, MAbs 2P24 and 15H4 could be compared (Table 4) . In most cases, a gross parallelism of reactivity and capture was observed, reinforcing the conclusion presented above that HVR1 peptides were representative of live virus HVR1. In two cases, however, major discrepancies were seen. This might be due to the fact that the consensus HVR1 sequence obtained did not coincide with the sequence of the viral subpopulation captured by the MAbs.
Like other HVR1 polyclonal antibodies and MAbs (9, 36, 39, 50) , MAbs 2P24 and 15H4 had a high capacity of blocking HCV isolate binding to target cells (Molt-4) in an antibody dose-dependent fashion (Fig. 5) . Complete blocking was observed with 0.5 g of 2P24 and 15H4 MAbs added to 1.7 ϫ 10 4 IU of HCV presented to 2 ϫ 10 5 Molt-4 cells. These data confirm that HVR1 is the target of blocking antibodies and probably an important ligand of HCV to T cells (21, 34, 51) . The ability of peptides to mimic live virus interaction was confirmed by the ability of EIA-reactive HVR1 peptides to block viral capture by MAbs (Fig. 4) .
Multiple approaches have been chosen to obtain HCV preventive or therapeutic vaccines (7, 10, 13, 17, 28, 33, 52) . We have shown that rabbit or mouse immunization with multiple HVR1 peptides elicited high-level, cross-reactive antibodies with clear functional blocking activity. The development of potent antivirals (drugs or antibodies) to be given either before or after liver transplantation will change the course of posttransplant disease (5) . Such an approach might be particularly useful in preventing liver reinfection after transplantation. HVR1 peptide vaccination may also be a promising approach to therapeutic vaccination of patients chronically infected with HCV.
